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H I G H L I G H T S
• A century of metal deposition was assessed by lichens and mosses in France.
• A regional forest cover-dependent geochemical background signature was evidenced.
• The anthropogenic contribution was low but stronger in the North-Eastern region.
• Changes in the nature of atmospheric deposition were evidenced since the 19th century.
• Pb isotopes traced a conservative speciﬁc contamination in SW France over a century.
a b s t r a c t
Lichens andmosses were used as biomonitors to assess the atmospheric deposition of metals in forested ecosys-
tems in various regions of France. The concentrations of 17metals/metalloids (Al, As, Cd, Co, Cr, Cs, Cu, Fe, Mn, Ni,
Pb, Sb, Sn, Sr, Ti, V, and Zn) indicated overall low atmospheric contamination in these forested environments, but
a regionalism emerged from local contributions (anthropogenic activities, as well as local lithology). Taking into
account the geochemical background and comparing to Italian data, the elements from both natural and anthro-
pogenic activities, such as Cd, Pb, or Zn, did not showany obvious anomalies. However, elementsmainly originat-
ing from lithogenic dust (e.g., Al, Fe, Ti) were more prevalent in sparse forests and in the Southern regions of
France, whereas samples from dense forests showed an accumulation of elements from biological recycling
(Mn and Zn). The combination of enrichment factors and Pb isotope ratios between current and herbarium sam-
ples indicated the historical evolution of metal atmospheric contamination: the high contribution of coal com-
bustion beginning 150 years ago decreased at the end of the 20th century, and the inﬂuence of car trafﬁc
during the latter observed period decreased in the last few decades. In the South of France, obvious local inﬂu-
ences were well preserved during the last century.
1. Introduction
Atmospheric deposition of chemicals results from both natural and
anthropogenic emissions (Galloway et al., 1982; Nriagu, 1989a). It con-
stitutes the main input of contaminants to natural systems, particularly
in sensitive environments, and is responsible for various adverse effects
(Lindberg et al., 1982; Ulrich and Pankrath, 1983). A global evaluation of
deposition is thus required, but themonitoring network for tracemetals
and metalloids (e.g., As, Cd, Cu, Pb, or Zn), also called potential harmful
elements (PHEs, Plant et al., 1997), remains scarce. It is difﬁcult to set up
and maintain long-term monitoring because the metal concentrations
are generally low and variable (Adriano, 2001) and atmospheric depo-
sition surveys are expensive and time-consuming. In addition to the
conventional physicochemicalmeasurement networks, sensitive organ-
isms like mosses or lichens are known to be a good integrative alterna-
tive tool (Rühling and Tyler, 1968; Nieboer et al., 1978; De Bruin and
Hackenitz, 1986; Conti and Cecchetti, 2001; Szczepaniak and Biziuk,
2003). Biomonitoring has frequently been exploited as a proxy to eval-
uate atmospheric contamination through bioaccumulation in industrial
(Loppi and Bonini, 2000; Frati et al., 2007), urban (Saeki et al., 1977;
Gombert et al., 2004), and forested (Rühling and Tyler, 1973; Steinnes,
1995; Loppi and Pirintsos, 2003) contexts. These studies are aimed at
evaluating the deposition levels and estimating the source of contami-
nation. Biomonitoring may also record elements originating from bio-
logical recycling, such as Mn or Zn, particularly via throughfall, but
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this seems to be reduced for epiphyte lichens compared to terrestrial
mosses in forested environments (Gandois et al., 2014). Geochemical
tools (such as rare earth elements or stable isotopes) applied to
bioaccumulators are also used as tracers to support the understanding
of complex processes, such as the origin of atmospheric contaminants
(Carignan and Gariepy, 1995; Chiarenzelli et al., 2001; Haack et al.,
2004; Spickova et al., 2010).
Nevertheless, the large scale assessment of metal atmospheric depo-
sition through such organisms has been relatively limited in time and
space. The Scandinavian moss survey was the pioneer study of country
scale biomonitoring (Rühling and Tyler, 1973). On a European scale,
the International Cooperative Programme on Effects of Air Pollution on
Natural Vegetation and Crops (ICP Vegetation) has evaluated atmo-
spheric deposition using moss monitoring every ﬁve years since 1990
(Rühling, 1994; Rühling and Steinnes, 1998; Buse et al., 2003; Harmens
et al., 2008, 2010). The last campaign (2010/2011) was carried out at
4500 sites distributed over 25 participating countries (Harmens et al.,
2013). The French contribution to this international network –
Biosurveillance des Retombées Atmosphériques en Métaux par les
Mousses (BRAMM) – observed 526 rural sites. To assess atmospheric de-
position prior to this initiative, environmental archives, such as peat
bogs, are used (Shotyk et al., 1998; Monna et al., 1999; Forel et al.,
2010). However, peat lands are not evenly distributed within and across
regions.
To go back further in the past, samples of lichens and mosses pre-
served in herbaria are particularly helpful (Herpin et al., 1997; Weiss
et al., 1999). Comparison between the metals accumulated in the her-
barium samples and in current samples provides precious information
relating to the historical contamination (Zschau et al., 2003; Rühling
and Tyler, 2004; Purvis et al., 2007; Shotbolt et al., 2007). To interpret
the data recorded in the old herbarium samples, some precautions are
required, such as using a normalized dataset. Despite criticism of such
methods for soil samples due to process complexity (Reimann and de
Caritat, 2000, 2005; Sucharovà et al., 2012), enrichment factors have
proved to be an efﬁcient tool for herbarium material (Purvis et al.,
2007; Agnan et al., 2014).
In this study, we aimed to: (1) evaluate the atmospheric deposition
of metals in different forested ecosystems with various environmental
conditions using bioaccumulation in lichen andmoss samples; (2) iden-
tify the origins of elements recorded in bioaccumulators distinguishing
geochemical background level and local inﬂuences using enrichment
factors and Pb isotope ratios in combination, as a support of metal con-
centrations; and (3) assess the evolution of atmospheric deposition
over the last century, which is poorly documented. For that purpose,
21 sites spread across various regions of France were selected, of
which 13 sites had lichen and moss herbarium samples.
2. Materials and methods
2.1. Study area
Twenty-one deciduous or evergreen forested sites (pine, ﬁr, spruce,
oak, and beech forests) were sampled in various parts of France and
nearby regions of two neighboring countries, Belgium and Switzerland
(Fig. 1). Seven of these sites were from the French International Co-
operative Programme (ICP) forest network (http://icp-forests.net)
RENECOFOR (Réseau National de suivi des Écosystèmes Forestiers: SP
11, EPC 63, EPC 74, HET 54a, EPC 08, PM 72 and CHS 35), where the at-
mospheric deposition ofmajor elements has beenmeasured since 1992.
The sampling trees were located on the edges of forests of varying
density.
The choice for these study sites was driven by the available herbari-
um samples for historical comparison and the diversity of the environ-
mental conditions: climate conditions (oceanic for the western region,
semi-continental for Massif Central, more continental for the North-
Eastern regions of Vosges and Ardennes, and mixed climate with
Fig. 1. Study areawith the 21 sampling sites in various parts of France and neighboring countries: circles represent current locations only and squares represent both current and historical
locations.
altitude inﬂuence for the Alps and Pyrenean regions), lithology (alluvia,
limestone, sandstone, granite, basalt or schist), or industrial history
(Table 1a).
2.2. Sampling procedure
Six lichen (Hypogymnia physodes (L.) Nyl., Parmelia sulcata Taylor
(including in some stations Flavoparmelia caperata (L.) Hale, Parmelina
tiliacea (Hoffm.) Hale, Punctelia borreri (Sm.) Krog and Hypotrachyna
revoluta (Flörke) Hale when P. sulcata was absent), Xanthoria parietina
(L.) Th. Fr., Evernia prunastri (L.) Ach., Pseudevernia furfuracea (L.) Zopf.
and Usnea sp.) and three moss species (Hypnum cupressiforme Hedw.,
Pleurozium schreberi (Brid.) Mitt. and Scleropodium purum (Hedw.)
Limpr.) were collected from various common tree species (e.g., ash,
beech, oak, maple, pine, ﬁr, or spruce) from each site to limit the poten-
tial inﬂuence of substrate (De Bruin and Hackenitz, 1986; Markert and
de Li, 1991; Prussia and Killingbeck, 1991). These lichen and moss spe-
cies were selected because of their presence in available herbaria and
their known ability to accumulate metals. Each site covered an area of
25,000 m2 including 3–5 sub-sampling sites. This protocol attempted
to limit local inﬂuence in order to integrate a global and homogeneous
signal (Agnan et al., 2013). The lichen sampling was performed on all
sides of the tree trunks at a height of approximately 1.5 m to prevent
any soil contamination (Bargagli and Nimis, 2002). Approximately ten
thalli of at least 2 cm wide were collected using a ceramic knife and
latex gloves. The mosses were collected on tree trunks, except for
those from the Saint-Dié-des-Vosges stations, where samples were
collected on the ground under the canopy like the herbarium samples.
Lichen and moss samples were stored in a plastic bag before treatment
and analysis.
In addition, 26 historical samples from 1870 to 1964 (herbaria of the
University of Toulouse, Index Herbariorum: TL) and 1998 (gift from Mr
Table 1
Description of sampling locations: a. for current samples and b. for herbarium samples (Ep: Evernia prunastri, Hc: Hypnum cupressiforme, Hp: Hypogymnia physodes, Pf: Pseudevernia
furfuracea, Ps: Parmelia sulcata, Psc: Pleurozium schreberi, Sp: Scleropodium purum, U: Usnea sp., Xp: Xanthoria parietina).
a.
Region Station Code Coordinates Lithology Species Current samples Herbarium samples
Midi-Pyrénées SP 11 SP 11 2°05′40″E/42°52′15″N Limestome/marble Xp 5
Toulouse TOU 1°28′15″E/43°33′25″N Molasse Xp 8
Albi ALB 2°10′20″E/43°55′50″N Molasse Xp 16 3
Hautpoul HAU 2°22′30″E/43°28′20″N Granite Ps/Xp 8 3
Lacaune LAC 2°41′20″E/43°43′25″N Schist Ps/Xp 5 1
Massif Central EPC 63 EPC 63 2°58′05″E/45°45′00″N Basalt Ps/Xp 8
Mont-Dore MTD 2°48′40″E/45°33′10″N Basalt Ps/Pf/U 14 2
Alps Saint-Génis-Pouilly SGP 6°01′00″E/46°16′05″N Moraine Xp 5 1
EPC 74 EPC 74 6°21′00″E/46°13′30″N Sandstone/schist Ps/Xp/Ep/Pf 14
Bex BEX 6°58′30″E/46°13′00″N Limestone/schist Ps/Xp/Ep/Pf/U 15 2
Martigny MAR 6°05′05″E/46°07′25″N Gneiss Xp 5 1
Vosges HET 54a HET 54a 6°43′10″E/48°30′50″N Limestone Ps/Xp/Ep/Hc 14
Saint-Dié-des-Vosges SDV 6°58′15″E/48°17′30″N Sandstone Ps/Ep/Psc/Sp 8 2
Ardennes EPC 08 EPC 08 4°47′50″E/49°57′00″N Clay loam Ps/Xp/Ep/Hc 7
Louette-Saint-Pierre LSP 4°55′35″E/49°57′20″N Siliceous alluvium Ps/Xp/Ep/Hc 8 1
Armorican Massif Preuilly-sur-Claise PSC 0°54′25″E/46°51′30″N Chalk Ps/Xp/Ep 8 1
PM 72 PM 72 0°20′00″E/47°44′25″N Schist Hp 4
Bazoches-au-Houlme BAH 0°18′00″E/48°48′55″N Limestone Hp/Ps/Xp/Ep/Hc 18 2
CHS 35 CHS 35 1°32′50″W/48°10′10″N Clay Ps 6
Quimperlé QUI 3°33′15″W/47°49′15″N Granite Hp/Ps/U 8 3
Plounéour-Ménez PLM 3°55′55″W/48°24′05″N Schist/sandstone Ps/Ep/U 10 4
Total: 194 26
b.
Region Station Species Species code Herbarium Location Year
Midi-Pyrénées ALB Xanthoria parietina Xp Sudre In les Planques, on poplar 1900
Xanthoria parietina Xp Sudre In le Séquestre 1900
Xanthoria parietina Xp Sudre On walnut 1900/1909
HAU Xanthoria parietina Xp Sudre On gneiss 1909
Parmelia sulcata Ps Sudre On gneiss 1909
Parmelia sulcata Ps Sudre On gneiss 1909
LAC Parmelia sulcata Ps Sudre In Ardoisières, on pine 1904
Massif Central MTD Pseudevernia furfuracea Pf Sudre – 1901
Usnea dasypoga U Sudre – 1901
Alps SGP Xanthoria parietina Xp Sussey In Pregnin, on walnut 1998
BEX Evernia prunastri Ep Thomas In Devens 1870
Pseudevernia furfuracea Pf Thomas – 1870
MAR Xanthoria parietina Xp Thomas Between Martigny and Branson 1870
Vosges SDV Scleropodium purum Sp Husnot Hedge and pasture 1871
Pleurozium schreberi Psc Husnot On the ground, in a dry wood 1871
Ardennes LSP Hypnum cupressiforme Hc Husnot On beech 1873
Armorican Massif PSC Xanthoria parietina Xp Aristobile – 1916
BAH Evernia prunastri Ep Olivier – 1880
Hypnum cupressiforme Hc Husnot In front of the Berjou-Cachan station 1873
QUI Hypogymnia physodes Hp Des Abbayes In Carnoët forest, on bark 1964
Usnea subﬂorida U Des Abbayes In Carnoët forest, on bark 1964
Usnea rubicunda U Des Abbayes In Carnoët forest, on bark 1964
PLM Parmelia saxatilis Ps Des Abbayes In Roc Trevezel, on rock 1964
Parmelia omphalodes Ps Des Abbayes In Roc Trevezel, on rock 1964
Usnea ﬂorida U Des Abbayes In Cranou forest 1964
Usnea ceratina U Des Abbayes In Cranou forest, on bark 1964
Sussey, lichenologist) from the same locations as the current samples
were selected to be analyzed to evaluate the evolution of atmospheric
deposition over the past century (Table 1b). The absence of indication
about precise location and sampling procedure, as well as the reduced
amount of available material may constitute a bias for historical data.
The sampleswere carefully separated from conservation sheets, exclud-
ing parts of the sample in contactwith glue, to avoid any supplementary
potential contamination.
2.3. Pre-analysis treatments and analytical procedure
Samples were dried (30 °C for several hours), and lichen and moss
species of interest were isolated without a rinsing procedure to avoid
losing trapped surface particles (Richardson, 1992; Bergamaschi et al.,
2007). The samples were ground in an agate mortar using liquid nitro-
gen. The powdered samples were preserved in plastic tubes.
The total digestion of the samples was performed in an ISO 7
cleanroom at the Laboratoire Écologie Fonctionnelle et Environnement
(EcoLab, Toulouse, France) using a mixture of suprapure acids (HNO3
and HF) and H2O2 (Rusu, 2002). All cleaning procedures used high-
purity water (18.2 MΩ cm). Approximately 100 mg of powdered sam-
ple was digested using 0.5 mL of 68% HNO3 and 0.5 mL of 50% HF at
90 °C in a Savillex (Teﬂon bottle) for 48 h (Agnan et al., 2013). After
evaporation, 1 mL of H2O2 was added and evaporated at 50 °C, and
1mL of 68% HNO3was added for 48 h at 90 °C. Finally, a 1200-fold dilu-
tion was used for spectrometric analysis.
A set of 17 PHEs –Al, As, Cd, Co, Cr, Cs, Cu, Fe, Mn, Ni, Pb, Sb, Sn, Sr, Ti,
V, and Zn – was analyzed using ICP-MS analytical platforms: ICP-QMS
Agilent Technologies 7500 CE and HR-ICP-MS Thermo Scientiﬁc
Element XR at the OMP (Observatoire Midi-Pyrénées, Toulouse,
France) and ICP-QMS Thermo Scientiﬁc Element X-II (laboratory HSM,
HydroSciences Montpellier, France). The detection limits were
b5 pg g−1 for Cu, Cs, Pb, Sb, Sr, and V; b50 pg g−1 for Al, As, Cd, Co,
Cr, Mn, Ni, Sn, and Zn; and b100 pg g−1 for Fe and Ti.
An internal 115In/187Re standard of known concentration was added
to each sample, and a quality control samples (SRLS 5) was used every
eight samples to correct the deviation of the analyzer. The procedure
performance of the mineralization was checked for each series of 35
samples by adding two replicates each of certiﬁed material: lichen
IAEA-336, pine needle SRM-1575a, and peach leaves SRM-1547. No
contamination during the digestion procedure was observed through
a blank sample analysis (at approximately 1% of the sample
concentrations).
The average recovery (Cmeasured / Ccertiﬁed ∗ 100), calculated for each
analyte using the three certiﬁedmaterials, was as follows: 100± 5% for
Al, Fe, Mn, Sr, and Ti, 100± 10% for Cd, Cs, Mn, Pb, V, and Zn, and 100±
20% for As, Co, Cr, and Ni. Only Sb had a very low recovery (66%), but
with a good repeatability between the different series.
The Pb isotope analysis was performed on current and historical li-
chen and moss samples using ICP-QMS Agilent Technologies 7500 CE
(Observatoire Midi-Pyrénées, Toulouse, France) and ICP-QMS Thermo
Scientiﬁc Element X-II (laboratory HSM, HydroSciences Montpellier,
France). Mass bias was corrected using the SRM 981 every 5 or 7 sam-
ples by using Galer and Abouchami's (1998) data. The relative standard
deviations were performed for 6–10 measurements: 0.21 and 0.18 for
208Pb/207Pb and 207Pb/206Pb, respectively.
2.4. Data treatment
Geochemical background corresponds to concentration levels not
inﬂuenced by anthropogenic inputs. To determine this non-inﬂuenced
distribution, we used the calculated distribution function method
(Matschullat et al., 2000). This method consists of reducing every single
value above the median as a “mirror against the original median value
by adding the distance from the individual value to themedian to obtain
a new value larger than the median”. Only the three foliose lichens
(X. parietina, P. sulcata, and H. physodes) were considered in order to
limit the inﬂuence of species (Thöni et al., 1996; Bargagli et al., 2002;
Szczepaniak and Biziuk, 2003; Bergamaschi et al., 2007; Basile et al.,
2008). The threshold of the geochemical background was determined
using the mean (μ) and standard deviation (σ) of this new distribution:
μ+ 2σ.
The enrichment factors EFs (Chester and Stoner, 1973; Atteia, 1994;
Loska et al., 1997; Vieira et al., 2004) were calculated for each element X
and for all samples (lichens and mosses), using an Al and upper conti-
nental crust (UCC) normalization (Taylor and McLennan, 1985):
EF ¼
X=Alð Þsample
X=Alð ÞUCC
:
Statistical treatmentswere performed using R software. The normal-
ity of PHE concentration data was tested with the Shapiro–Wilk test
(α=0.05), and signiﬁcant differences by the Student's or Kruskal–Wal-
lis tests (α= 0.05). A log-ratio transformation (‘clr’ from the rgr pack-
age) of PHE concentrations was used for all multivariate analyses.
Principal Components Analyses (PCA) were performed using the ade4
package (Dray and Dufour, 2007) and elements were grouped using
their relative axis scores (Berg and Steinnes, 1997). Hierarchical classiﬁ-
cations were performed usingWard's method. The arbitrary height of 5
or 12 was used as phenon line depending on the maximum height of
cluster (b10 or N10, respectively).
3. Results
3.1. Lichen and moss PHE content
3.1.1. Current and historical concentrations
The current lichen andmoss samples (Table 2) showed, as awhole, a
wide range of PHE content, as observed by their inter-quartile ranges
(IQR),whichwere of the samemagnitude as theirmedian values. Differ-
ences in concentrationswere observed between the species considered,
which were related to morphological types (see Supplementary data):
the fruticose lichens (E. prunastri, P. furfuracea, and Usnea sp.) generally
had the lowest PHE concentrations, unlike foliose lichens (H. physodes,
P. sulcata, and X. parietina); moss species had intermediate concentra-
tion ranges.Within the X. parietina samples, the PHE concentrations dif-
fered from site to site: maximum concentrations were observed at TOU,
ALB, and LAC (Midi-Pyrénées),MAR (Alps), and EPC 08 (Ardennes), and
minimum ones at LSP (Ardennes), PSC, and BAH (Armorican Massif),
and BEX (Alps). These concentration levels were in the middle (Al, Fe,
Ti, and V), or lower (As, Cd, Cr, Cu, Ni, Pb, and Zn) ranges of contamina-
tion given by Nimis and Bargagli (1999). Only some elements were lo-
cally in the higher range of concentrations: Mn at MTD (Massif
Central), EPC 74 and BEX (Alps), SDV (Vosges), and CHS 35 (Armorican
Massif); Ti at SP 11 (Midi-Pyrénées), EPC 63 and MTD (Massif Central),
MAR (Alps), and BAH (Armorican Massif); and V at LAC (Midi-
Pyrénées).
For historical lichen and moss data (Table 2), the IQR of PHE were
systematically higher than for current ones, with the exception of Sr. If
we refer to the equivalent sites, the historical/current ratios were N1
and reached 6.5 for Pb, 4.5 for As, 3.0 for Cd, and 2.8 for Sn. Indeed, As,
Cd, Co, Cs, Pb, Sb, and Sn were signiﬁcantly (p b 0.05, Kruskal–Wallis
test) higher in theherbariumsamples. Despite the generally higher con-
centrations in herbaria, speciﬁc trends appeared for each specimen con-
sidered without any morphological rule: either higher (P. sulcata at
HAU, for example), or lower (H. cupressiforme at LSP, for example)
than their corresponding current sample. This situation was true for
all the PHE in an equivalent sample, with a similar ratio between
these samples (historical sample/current sample) as described for rare
earth elements in lichens by Agnan et al. (2014). Compared to the
Nimis and Bargagli (1999) scale, some of our samples were included
in the altered environment class (“alteration”), particularly at HAU
and LAC (Midi-Pyrénées, see Supplementary data). Although the
highest historical levels were sometimes reported in herbarium sam-
ples (Herpin et al., 1997; Zschau et al., 2003; Shotbolt et al., 2007),
such concentration levels have not yet been observed in the literature.
3.1.2. Geochemical background
The threshold values of PHE accumulated in lichens and mosses
from selected French forested sites and the percentages of the sites ex-
ceeding these values were calculated for each element using the calcu-
lated distribution function (Matschullat et al., 2000, Table 3). A high
disparity between elements was observed: more than 28% of sites
exceeded the geochemical background threshold for Zn, Mn, Pb, Ti, Cd,
and Sr, whereas fewer than 15% of sites were exceeded for Ni, Al, Cr,
As, Co, Cu, Fe, Sb, and Sn. According to the Italian classiﬁcation (Nimis
and Bargagli, 1999), the threshold values were classiﬁed into four cate-
gories: “middle alteration” for Al, Fe, Mn, and Ti, “low naturality/alter-
ation” for Cr, Ni, and V, “middle naturality” for As and Zn, and “high
naturality” (Cd and Pb). Here, the terms “alteration” and “naturality”
mean “anthropogenically altered environment” and “natural environ-
ment”, respectively.
3.2. Relationships between elements
The relationships between elements are used to interpret the com-
mon origins and/or behaviors of chemicals (Conti et al., 2007;
Reimann et al., 2008). A PCA was performed on the PHE concentrations
of current lichen and moss samples from all sites (Fig. 2a and Table 4).
Based on the relative axis scores (Berg and Steinnes, 1997; Bennett
andWetmore, 2003), the major axis, representing 36% of the data vari-
ance, allowed the grouping of Fe, Al, Cr, As, Ti, V, and Co on one side
(scores from−0.91 to−0.61), and Mn, Zn, and Cd on the other side
(scores from 0.73 to 0.68); Sr and Pb had a light inﬂuence on the second
axis (15% of the data variance). The ﬁrst group of elements was strongly
linked, as frequently observed in the literature (Shotbolt et al., 2007;
Conti et al., 2009). The second axis associated Sb and Sn (scores from
0.91 to 0.68), whereas the third axis (11% of the data variance) distin-
guished Cu and Ni with negative scores from Cs with a positive one.
The link between Cd and Zn was also observed in mosses (Shotbolt
et al., 2007), lichens (Brunialti and Frati, 2007), and atmospheric depo-
sition (Gandois et al., 2010). Fig. 2c represents the 107 current observa-
tions grouped by the forest density of study sites, with the dense forests
in black and the sparse forests in gray. A signiﬁcant difference
(p b 0.001, Kruskal–Wallis test) between the two classes appeared
along the ﬁrst axis withmore negative scores for sparse forests and pos-
itive scores for dense ones.
A second PCA was performed on PHE concentrations from historical
samples (Fig. 2b and Table 4). As observed in the current sample PCA,
the ﬁrst axis (46% of the data variance) grouped the same elements
with negative scores (between−0.93 and−0.66), excluding As. Cesi-
um also had a highly negative score (−0.68), but differed in the plot
along the second axis (15% of the data variance). Cadmium, Pb, Zn,
and Cu, with positive values (0.81 to 0.53), were opposite the ﬁrst
group and orthogonal to Mn and Sr, which were also inﬂuenced by
the second axis. Finally, As and, to a lesser extent, Sb and Sn were
grouped together with an inﬂuence from the third axis (10%).
Hierarchical classiﬁcations were performed on current PHE concen-
trations to compare the six different regions (Fig. 3). The groups of ele-
ments highlighted by the ﬁrst axis of the PCA (Fig. 2a)weremore or less
preserved in each dendrogram. However, some links differed from one
region to another: (1) the Midi-Pyrénées and Massif Central regions
showed a Cu exclusion from the Cd–Zn group (Fig. 3a–b); (2) the
Vosges and Ardennes regions presented more complex associations,
with As and Co excluded from the Al–Fe group (Fig. 3d–e); (3) the Ar-
dennes region differed by Sb–Sn exclusion from the Al–Fe group and
Table 2
Median,minimum,maximum, and inter-quartile ranges (IQR) of the 17 PHEs for the current (n= 57) and herbarium (n= 22) data. Each datum corresponds to an average of one species
in one station. A Kruskal–Wallis test was performed between current and historical data; the values in bold indicate a p-value b 0.05.
Current samples
(μg g−1, n = 57)
Historical samples
(μg g−1, n = 22)
Historical/current (n = 22) p-Value (Kruskal–Wallis)
Median Min Max IQR Median Min Max IQR
Al 1058.4 225.8 3605.5 918.0 1260.5 136.5 28,007.2 1862.6 1.0 0.076
As 0.4 0.1 3.0 0.3 1.8 0.2 11.1 2.6 4.5 b0.001
Cd 0.1 0.1 0.8 0.1 0.3 0.1 1.9 0.2 3.0 0.009
Co 0.2 0.1 0.8 0.2 0.3 0.1 7.4 0.4 1.0 0.041
Cr 1.8 0.4 6.1 1.5 2.0 0.4 33.9 2.1 1.1 0.115
Cs 0.2 0.1 5.4 0.2 0.3 0.1 5.0 0.5 1.5 0.010
Cu 5.2 2.1 12.4 2.4 5.5 2.0 26.1 3.5 1.0 0.784
Fe 616.1 127.6 2226.5 523.2 830.9 86.7 22,870.8 1048.2 1.1 0.063
Mn 61.4 16.8 626.8 100.1 76.9 12.1 1136.9 155.7 1.2 0.519
Ni 1.4 0.5 7.2 1.1 1.6 0.3 16.9 1.8 1.1 0.058
Pb 3.1 0.7 58.1 4.3 20.2 2.2 166.1 20.1 6.5 b0.001
Sb 0.2 0.1 0.7 0.1 0.3 0.1 2.1 0.4 1.5 0.004
Sn 0.4 0.1 2.2 0.3 1.1 0.3 4.3 1.0 2.8 b0.001
Sr 15.2 2.9 63.6 10.9 16.8 3.8 63.0 9.8 1.1 0.470
Ti 62.2 14.8 234.0 67.4 105.0 9.6 1183.1 197.3 1.5 0.061
V 2.0 0.4 6.8 1.8 2.7 0.2 43.4 3.2 1.1 0.084
Zn 30.9 9.7 114.3 21.3 38.9 9.9 136.2 29.2 1.2 0.162
Table 3
Geochemical background thresholds (using the calculated distribution function) and the
percentage of exceeding sites for each element.
Element Geochemical background (µg g−1) Exceeding sites (%)
Al 2320.00 10
As 0.85 14
Cd 0.25 29
Co 0.62 14
Cr 4.23 10
Cs 0.43 19
Cu 9.91 14
Fe 1330.00 14
Mn 66.00 38
Ni 3.18 5
Pb 5.99 33
Sb 0.29 14
Sn 0.75 14
Sr 18.60 29
Ti 130.00 33
V 3.94 19
Zn 44.80 38
Pb exclusion from the Cd–Zn group (Fig. 3e); and (4) the Alps and Ar-
moricanMassif regions distinguished two different groups very similar-
ly (Fig. 3c and f).
3.3. Enrichment factors
To determine additional sources from the lithology (e.g., anthropo-
genic and biogenic) and evaluate their evolution over one century, EFs
were calculated for each current and historical sample. To limit the in-
ﬂuence of species, we focused on foliose lichens. For current data, the
EF medians evolved in the following order: Al b Fe b Cr b Ti b Co b
Ni b Sr b Cs b V b Sn b Mn b Pb b Cu b As b Zn b Sb b Cd. Speciﬁcally,
the highest enrichments were observed for Cd at PM 72 in the Armori-
can Massif (EF = 765 for H. physodes), EPC 08 in the Ardennes (EF =
633 for P. sulcata), and EPC 74 in the Alps (EF = 570 for P. sulcata).
Boxplots of 9 of the 17 PHE were performed for each region (Fig. 4).
Some regional disparities in EF were observed: Cs enrichment in the
Massif Central, Mn enrichment in the Armorican Massif, Cd, Sb, Sn,
and Zn enrichment in the Armorican Massif, Vosges, and Ardennes,
and Pb enrichment in the Vosges and Ardennes. As awhole, the samples
from the Ardennes were the most enriched for Cd, Cu, Sb, Sn, and Zn,
whereas those from theMidi-Pyrénées, Massif Central and Alps regions
frequently had the lowest PHE enrichments (Cd, Cu, Pb, and Zn).
The EF for historical samples was compared to those of the current
samples, and the historical/current EF ratios were calculated for each
site by time period (Fig. 5). With the exception of As, Cd, Cs, Cu, Pb,
Sb, and Zn for the SDV site, EFs were higher in the past for most PHEs
(As, Cd, Cs, Cu, Mn, Pb, Sb, Sn, and Zn, p b 0.05, Stutent's t-test) during
the ﬁrst period (1870–1880). The two alpine sites (BEX and MAR) had
EF ratios b1 for Cd and Cu, and for Mn, Sb, Sn, and Zn from at least
one of these stations. Except for Pb, Sb, and Sn, the Northern regions
(LSP, SDV, and BAH) had the highest enrichments in the past.
For the 1900–1916 period, the EF ratios were still high, particularly
in the Massif Central (MTD) and Armorican Massif (PSC) for As, Cd,
Pb, Sb, and Sn (p b 0.05, Student's test). In the Midi-Pyrénées region,
the three sites behave differently: the EF ratio N1 for Cd, Cu, Mn, and
Zn in HAU, compared to ALB and LAC. Nevertheless, it is worth noting
that the most enriched elements in this period were the same ones as
in the last period (i.e., As, Cd, Pb, Sb, and Sn).
During the last half century, the two Brittany sites had similar trends
for six PHEs, with a clear enrichment of As, Pb, and Sn in 1964. The ratio
was lower for Cu and Mn (QUI) and Cs (PLM) than in the previous two
periods. Finally, the alpine 1998 period revealed a different pattern than
those observed for the other periods. Only Cu, Mn, Pb, and Sb showed
signiﬁcant differences (p b 0.01, Student's test), with a ratio b4.
3.4. Lead isotope ratios
The Pb isotope ratios were investigated for current (n= 50, Fig. 6a–
b) and historical (n = 17, Fig. 6c–d) lichen and moss samples from 15
different sites. The average data were 1.159 ± 0.009 for 206Pb/207Pb,
2.430 ± 0.029 for 208Pb/207Pb, and 18.132 ± 0.207 for 204Pb/206Pb.
These values were close to those found for lichens from urban and
Fig. 2. PCA of log-ratio transformed PHE concentrations in lichens and mosses: current (n = 107, a) and herbarium (n = 15, b) samples, and current observations (n = 107, c).
Table 4
First three component loadings (C1, C2, and C3) from PCA for each element from current
and herbarium samples. The main axis is represented by bold numbers.
Element Current samples Element Herbarium samples
C1 C2 C3 C1 C2 C3
Fe −0.91 Al −0.93
Al −0.90 Fe −0.92 −0.34
Cr −0.77 Cr −0.89 −0.23
As −0.69 Ti −0.83 −0.21
Ti −0.68 0.38 0.29 V −0.81 −0.52
V −0.63 −0.60 Cs −0.68 0.62 0.30
Co −0.61 −0.40 −0.31 Co −0.66
Sr 0.61 −0.41 Sb 0.36 0.31
Cd 0.68 −0.35 Sn 0.50 0.43
Zn 0.72 −0.43 Cu 0.53 −0.39 −0.36
Mn 0.73 0.35 Zn 0.66 −0.50 −0.25
Pb 0.41 −0.42 Pb 0.77 −0.38
Sb −0.33 0.68 −0.40 Cd 0.81 −0.44 0.12
Sn 0.91 Sr 0.55 0.62
Cu 0.28 −0.61 Mn 0.32 0.73 −0.49
Ni −0.23 −0.26 Ni −0.52 −0.60
Cs 0.78 As 0.71
forested areas (Doucet and Carignan, 2001;Monna et al., 2012; LeGalley
et al., 2013). In Fig. 6, the 208Pb/207Pb vs. 206Pb/207Pb are plotted, and
data are identiﬁed by region and by biomonitor morphology (foliose li-
chens, fruticose lichens, and mosses). The current data (Fig. 6a) ﬁtted
mainly on a linear trend (y=0.90x+1.39, r2=0.93) andwere located
between two major end-members selected after testing different
European signatures found in the literature (natural rocks, urban emis-
sions, industrial emissions): the potential natural pole represented by
Miocene sediments (Monna et al., 1995) and the anthropogenic pole il-
lustrated by the Swiss gasoline (Chiaradia and Cupelin, 2000). This line
is very close to the European Standard Pollution (ESP, y=1.10x+1.17)
line, which reﬂects the Europeanpollution level as awhole (Haack et al.,
2002). The samples from the Armorican Massif, Massif Central, and Ar-
dennes were closest to the gasoline ratios, whereas the samples from
the Midi-Pyrénées region (SP 11) and Vosges were located close to
the natural sediment ratios. Foliose lichens showed 206Pb/207Pb ratios
slightly higher than fruticose lichens at BEX, the only site containing
both morphologies. Nevertheless, samples from three sites were
excluded from this general trend: SEQ, ALB, and HAU, which were all
from theTarn department (Midi-Pyrénées region). NoEuropean isotope
data, such as urban dust or industrial emissions, were found to explain
these signatures (Monna et al., 1997; Véron et al., 1999; Chiaradia and
Cupelin, 2000; Carignan et al., 2005). The last two samples (ALB and
HAU) followed another linear relationship (y = 1.52x + 0.62, r2 =
0.87), for which no species speciﬁcity was observed. If the natural sedi-
ment could be assumed as one of the end-members, the other end-
member was not identiﬁed and was far from the gasoline pole men-
tioned above. Finally, the remaining site (SEQ) was not along this
trend and was characterized by particularity high 208Pb/207Pb ratios
(2.48–2.51), as observed in local molasses bedrock with values N2.5
(Bur et al., 2009).
The 208Pb/207Pb ratios were plotted against the inverse of the Pb en-
richment factors (1/EF(Pb), Hernandez et al., 2003; N'Guessan et al.,
2009, Fig. 6b). Two different linear trends were clearly identiﬁed:
(1) a ﬁrst trend including the majority of the stations identiﬁed above
and (2) a second linear trend corresponding to the three Tarn sites
(SEQ, ALB, and HAU). ALB and HAU had the lowest 208Pb/207Pb ratios
and high Pb enrichments, whereas SEQ was characterized by lichens
with high 208Pb/207Pb ratios and a low Pb enrichment factor. The ﬁrst
linear relationship was used to determine 208Pb/207Pb ratios, which
corresponded to a mean anthropogenic end-member of 2.43, whereas
the second relationship indicated an anthropogenic ratio of 2.34.
The historical datawere grouped by timeperiod (Fig. 6c). Aside from
the Tarn samples, the 1870–1916 herbarium Pb ratios ﬁtted a new line-
ar relationship (y = 0.94x + 1.38, r2 = 0.98) almost parallel to that of
the current samples and intersecting the Swiss coal signature
(Chiaradia and Cupelin, 2000). However, this line shifted to higher
208Pb/207Pb ratios. This trend was particularly true for the 1870–1880
samples, with homogeneous 208Pb/207Pb ratios of 2.46, whereas others
samples weremore dispersed (Fig. 6d). For the three Tarn sites, the his-
torical sample ratios converged with their current characteristics: SEQ
with high 208Pb/207Pb ratios, and ALB and HAU plotted on the current
relationship with higher 206Pb/207Pb ratios. The 1998 sample was
close to the gasoline end-member.
4. Discussion
4.1. Origins of metals in atmospheric deposition: background vs.
anthropogenic sources
The present study aimed to investigate atmospheric deposition of
metals through different spatial scales (site, regional, and country) in
France. On the country scale (Fig. 2a–b), the chemical elements that ac-
cumulated in current lichen andmoss sampleswere linked as followed:
(1) a group of elements strongly linked together, and generally originat-
ing from oxides or clay minerals (Al, As, Co, Cr, Fe, Ti, and V), also called
lithogenic elements (Pacyna, 1986; Nriagu, 1989b); (2) several groups
of metals arising from various mixed sources (both natural and anthro-
pogenic), such as Cd–Mn–Zn, Pb–Sr, Sb–Sn, Cu–Ni, and Cs. We noticed
that the lithogenic group explained an important part of the data vari-
ance (36% for theﬁrst axis), andmost of these elementswere consistent
between the different regions (Fig. 3). This result indicated that, with a
few exceptions, these elements had a common lithogenic origin on the
country scale, and behaved in a similar way in terms of the bioaccumu-
lation process, as previously highlighted through the rare earth ele-
ments, which are also strongly linked to bedrock weathering (Agnan
et al., 2014). We can assume that the weak density of vegetation ob-
served in sparse forests allows a better accumulation of lithogenic ele-
ments brought by dust (Fig. 2c). Conversely, the canopy limits direct
dust deposition and allows a higher bioaccumulation of: (1) elements
recycled by vegetation through foliar leaching, such as Mn or Zn
(Heinrichs and Mayer, 1977; Lovett and Lindberg, 1984; Rea et al.,
2001; Ukonmaanaho et al., 2001; Gandois et al., 2010, 2014), or
(2) more mobile elements such as Cd (Baker, 1997; Colbeck, 2008).
Fig. 3. PHE hierarchical classiﬁcations (Ward'smethod) by study region based on log-ratio
transformed current foliose data: a. Midi-Pyrénées (n= 36), b. Massif Central (n = 9), c.
Alps (n= 20), d. Vosges (n = 7), e. Ardennes (n= 7), f. Armorican Massif (n= 28). The
phenon lines (dotted lines) are arbitrary of 5 and 12 depending the maximum height of
the cluster.
Common chemical behavior explains the frequent association between
Cd and Zn without any common origin (Fig. 3).
To evaluate the sites where PHE exceeded the “natural” threshold,
we used the geochemical background of foliose lichens. Between 5
and 38% (20.4% on average, Table 3) of the sites showed an exceedance,
which could be considered as characteristic of the overall French forest-
ed environment. Indeed, a non-negligible percentage of exceedance
was found for supposedly less anthropogenic elements (10% for Al,
14% for Fe, 19% for V). This phenomenon could be explained by:
(1) the variability of concentrations in bioaccumulators, particularly as
related to the forest density (Garty, 2001); and (2) a potential inﬂuence
of short-distance contamination linked to the proximity of urban areas
to some sites (e.g., ALB, TOU, or MAR). The geochemical background
values were consistent with values found on the European scale
(Nimis and Bargagli, 1999). However, compared to contaminated
sites, the thresholds of anthropogenic elements were mostly included
in “naturality” classes, as a result of the low contamination levels of
these elements in the studied sites. However, the lithogenic elements
were sometimes classiﬁed in the “alteration” class, suggesting that
these PHE appeared with low differences in concentrations between
background and polluted areas on the European scale (Harmens et al.,
2013), unlike anthropogenic elements.
Despite the national trend, some differences were observed from
one region to another (Figs. 3 and 4). Most of the PHEs (Cd, Cu, Pb, Sb,
Sn, and Zn) were more enriched in the three Northern regions (Vosges,
Ardennes, and Armorican Massif, Fig. 4), as was also evidenced in
the soil surface horizons from the North-Eastern part of France
(Hernandez et al., 2003). We assume that both soil and lichen concen-
trations revealed atmospheric deposition of contaminants. This
contamination could be related to the regional distribution of anthropo-
genic activities: historical mining (Sainte-Marie-aux-Mines, La Croix-
aux-Mines), metallurgic activities, or local factories (Baccarat crystal
glassworks in the Vosges, Peugeot-Citroën automotive industry in the
Ardennes, and a high density of industries in France and its neighbor
countries in these areas). In contrast to Cd and Zn, Pb has low solubility
(Colbeck, 2008). Its atmospheric transport is therefore preferentially
carried out by particles, and Pb could originate froma transboundary in-
dustrial region like Belgium or the Ruhr Valley in Germany (Harmens
et al., 2008). This different origin explains the opposite distribution of
Pb and Cd–Zn in the Vosges and Ardennes dendrograms (Fig. 3d–e).
The Pb isotope ratios (Fig. 6a–b) conﬁrmed the Pb contamination in
LSP illustrated by the proximity with the anthropogenic end-member
(Chiaradia and Cupelin, 2000). The origin of this global contamination
had a 208Pb/207Pb signature of 2.43. In the Midi-Pyrénées, a heteroge-
neous pattern was observed: only SP 11 followed the previous general
trend with a wide dispersion, whereas the three stations from the
Tarn department (ALB, SEQ and HAU) had local signatures. The sedi-
mentary bedrock molasse was also characterized by typically high
208Pb/207Pb ratios (N2.5, Bur et al., 2009), which could explain the natu-
ral end-member of this region, as observed in the lowest Pb-enriched
site (SEQ, Fig. 6b). A 208Pb/207Pb signature of 2.34with a high EFwas de-
termined and attributed to an anthropogenic source for the Tarn region.
However, although ALB and SEQ were geographically close (approxi-
mately 6 km away), ALB showed similar Pb signatures as HAU (approx-
imately 54 km away). Several main activities have occurred in this
region over more than a century: the exploitation of the Carboniferous
coal ﬁeld of Carmaux-Albi (Monnié, 1929) until the end of the 1950s,
the tannery industry since the middle of the 19th century (although
Fig. 4. Enrichment factor boxplots of 9 PHE in foliose lichens for the six regions: Midi-Pyrénées (Pyr), Massif Central (Cen), Alps (Alp), Vosges (Vos), Ardennes (Ard), Armorican Massif
(Arm).
no contamination of Cr, the typical PHE linked to these activities, was
observed), and metallurgic activities. No similar signature in the litera-
ture was observed in urban areas (Monna et al., 1997; Véron et al.,
1999; Carignan et al., 2005). The 208Pb/207Pb ratios of European coal
from United Kingdom (Farmer et al., 1999), Switzerland (Chiaradia
and Cupelin, 2000), or Spain (Díaz-Somoano et al., 2007) are greater
than 2.41. The exception is the Cenozoic Spanish coal basin
(208Pb/207Pb = 2.28–2.39), but, from a geological point of view, the Ce-
nozoic Spanish ﬁeld could not be linked to the Carboniferous Tarn ﬁeld.
To date, it is not possible to clearly identify this local source.
The regional environmental context could also explain the anomalies
observed in the concentration and enrichment data. In addition to the
dust record in sparse forests, the Southern regions were characterized
by the highest concentrations of lithogenic elements: e.g., the average fo-
liose lichen concentrations of Alwere 1612 μg g−1 for theMidi-Pyrénées,
Massif Central and Alps, and 831 μg g−1 for the Vosges, Ardennes andAr-
morican Massif. This difference might result from climatic conditions on
a large scale: the Southern siteswere closer to theMediterranean region,
with a drier and dustier environment, and also inﬂuenced by regional
dust, conﬁrming the recent ﬁndings on bioaccumulation in mosses re-
ported by the BRAMM network (Rausch de Traubenberg et al., 2013).
The lithology would also act as an important player to explain the local
anomalies: the Sr and Ti enrichment in theMassif Central could obvious-
ly be linked to thenature of the local basalt. For example, the Ti/Al ratio in
the Massif Central basalt was 5.7-fold higher than in UCC (Chauvel and
Jahn, 1984). Manganese was also found with high enrichment in MTD,
Fig. 5. Ratios of historical/current EF for different sites from each period: 1870–1880, 1900–1916, 1964, and 1998. The comparison between historical and current EFwas performed using
Student's test (*p b 0.05, **p b 0.01, ***p b 0.001).
as a result of its abundance in mineral veins, including in the pumice
substrate (Guerin and Perseil, 1996). As observed for REE, the
bioaccumulators therefore recorded local metal signatures from the re-
gional lithology (Agnan et al., 2014).
4.2. Evolution of metal atmospheric deposition over the last century:
changes in the nature of contamination
The metals registered in lichen and moss samples preserved in
herbaria differed from those of their corresponding current samples.
First, Cs was associated with lithogenic elements, as it easily adsorbed
to clay minerals (Kabata-Pendias, 2010); however As was less inﬂu-
enced by lithogenic association (Fig. 2b). Moreover, biological recycling
was restricted to Mn–Sr, while Zn and Cd were more indicative of the
anthropogenic signature, together with Pb and Cu. These differences
implied distinct origins over time. Despite the non-exclusive anthropo-
genic sources highlighted by EF, a normalized method is required for
interpreting the herbarium samples (Agnan et al., 2014). As awhole, re-
garding the historical EF normalized to current ones (Fig. 5), thenumber
of elements with signiﬁcant enrichment in the past decreased over
time: 9 for 1870–1880 (n = 5), 7 for 1900–1916 (n = 5), 5 for 1964
(n = 2), and 4 for 1998 (n = 1). Nevertheless, a geographical pattern
was observed: the Northern regions (e.g., MTD, LSP, PSC, and BAH)
were generally themost impacted regions. The PHEs that were strongly
enriched (As, Cd, Pb, Sb, and Sn), particularly during the late 19th
century and the beginning of the 20th century, were speciﬁc to mining
activities and coal combustion contributions (Finkelman, 1999; Chen
et al., 2013), as also observed in various European peat bogs (Krachler
et al., 2003; Cloy et al., 2005, 2009). This ﬁnding was conﬁrmed by
1870–1880 Pb isotope data, which converged to a 208Pb/207Pb ratio of
2.46, typical of the coal signature (2.47, Chiaradia and Cupelin, 2000).
The wide dispersion observed for the 1900–1916 period indicated
potential additional sources and required other end-members; unfortu-
nately, the low number of samples did not allow us to determine these
sources. Both local industrial pressure and other sources explained the
geographical differences observed for other PHE (such as Cu or Zn).
Unexpectedly, the three Tarn stations showed the same isotope Pb
ratios as current samples: low 208Pb/207Pb ratios for ALB and HAU and
vice versa for SEQ (Fig. 6c). This consistency over time dismissed mod-
ern contamination: only a local lithological origin or local industries ac-
tive over a century ago that continue to operate could explain these
speciﬁc characteristics. In addition, coal contribution modiﬁed the
208Pb/207Pb ratios and made the determination of a signature more
complex than present-day (Fig. 6d). Surprisingly, in this same region,
the EF ratios were lower than in other regions (Fig. 5), particularly in
ALB, which could be explained by the current contamination described
by Agnan et al. (2014).
Finally, the inﬂuence of coal combustion decreased gradually over
time, but still made its mark in the mid-20th century, as the EF ratios
were also signiﬁcant for As, Pb, Sb, and Sn in 1964. However, the maxi-
mum values for Pb EF ratios (10 to 20) during this period implied an ad-
ditional source. Lead was added to gasoline as an antiknock additives
starting in 1920 (Miquel et al., 2001), peaking at the end of 1960s
(Goodsite et al., 2001), andwas legally abandoned in Europe (directives
auto oil 98/69 and 98/70). However, the total elimination of leaded gas-
oline in France occurred in January 2000. This event explains how the EF
was still as high as 4 in the 1998 sample (Fig. 5), although the Pb isotope
ratios showed a high gasoline inﬂuence (Arnaud et al., 2004; Forel et al.,
2010, Fig. 6c).
5. Conclusions
The atmospheric deposition of metals was assessed in forested eco-
systems over various regions of France through lichen and moss
Fig. 6. Lead isotope ratios: 208Pb/207Pb vs. 206Pb/207Pb of current (n= 50, a) and historical (n= 17, c) samples, and 208Pb/207Pb vs. 1/EF(Pb) of current (n= 50, b) and historical (n= 17,
d) samples. Literature data are added: Miocene sediments (Monna et al., 1995) and Pyreneanmolasse (Bur et al., 2009) for natural signatures, and Swiss gasoline and coal (Chiaradia and
Cupelin, 2000) for anthropogenic signatures.
bioaccumulation. The concentration levels showed, as awhole, low con-
tamination, and the determination of geochemical background indicat-
ed that elements classiﬁed as anthropogenic elements (e.g., Cd, Pb, Zn)
were weakly altered compared to the Italian scale. This result is due to
the multiple origins of these elements, including various local human
activities and the inﬂuence of biological recycling. However, elements
mainly originating from natural dusts (e.g., Al, Fe, Ti) were incorporated
at a relatively homogeneous level of concentrations between contami-
nated and background sites on European scale. It appeared that the den-
sity of the forest canopy inﬂuences the accumulation of these dusts and
associated elements by lichens and mosses. Each region/site was obvi-
ously characterized by a group ofmetals related to the local context (an-
thropogenic activities and/or lithology). The lichens from the North-
Eastern region exhibited a substantial contamination, whereas dust de-
position related to the drier climate and atmospheric dust clouds were
thought to inﬂuence the composition of samples from the Southern re-
gions. The historical evolution of atmospheric contamination was dem-
onstrated by EF and Pb isotope ratios of herbarium samples compared to
current samples. The high global inﬂuence of coal combustion recorded
since 1870 decreased gradually during the 20th century, whereas the
contamination from car trafﬁc obviously registered during the end of
the 20th century has decreased in the last several decades. Lead isotopes
also evidenced a well-maintained contamination pattern over a century
in the Southern regions of the country. Even if the sources were not
clearly identiﬁed, they were thought to be from local anthropogenic
activities.
Acknowledgments
This project beneﬁted ﬁnancial support from ADEME (French Agen-
cy for Environment). The authorswould like to thankPaul Seimandi and
Dominique Mazau from the University Toulouse III for kindly providing
herbarium samples. Frédéric Candaudap, Aurélie Lanzanova, David
Baqué, Marie-José Tavella, Carole Boucayrand, Manuel Henry and Jona-
than Prunier thanked for their assistance during the ICP analyses and
the cleanroom dissolution procedure. The authors also thank Gaël Le
Roux for his help in the treatment of ICP-MS isotope data. Thanks to
two anonymous reviewers for their relevant comments. Yannick
Agnan was funded with an ADEME fellowship.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.05.083.
References
Adriano, D.C., 2001. Trace elements in terrestrial environments: biogeochemistry, bio-
availability, and risks of metals. 2nd ed. Springer, New York (June 29).
Agnan, Y., Séjalon-Delmas, N., Probst, A., 2013. Comparing early twentieth century and
present-day atmospheric pollution in SW France: a story of lichens. Environ. Pollut.
172, 139–148.
Agnan, Y., Séjalon-Delmas, N., Probst, A., 2014. Origin and distribution of rare earth ele-
ments in various lichen and moss species over the last century in France. Sci. Total
Environ. 487, 1–12.
Arnaud, F., Revel-Rolland, M., Bosch, D., Winiarski, T., Desmet, M., Tribovillard, N., Givelet,
N., 2004. A 300 year history of lead contamination in northern French Alps recon-
structed from distant lake sediment records. J. Environ. Monit. 6, 448.
Atteia, O., 1994. Major and trace elements in precipitation on Western Switzerland.
Atmos. Environ. 28, 3617–3624.
Baker, J.E. (Ed.), 1997. Atmospheric deposition of contaminants to the Great Lakes and
coastal waters. SETAC technical publications series. SETAC Press, Pensacola, FL, USA.
Bargagli, R., Nimis, P.L., 2002. Guidelines for the use of epiphytic lichens as biomonitors of
atmospheric deposition of trace elements. In: Nimis, P.L., Scheidegger, C., Wolseley,
P.A. (Eds.), Monitoring with lichens — monitoring lichens. Earth and environmental
sciences vol. 7. Kluwer/NATO Science Series, Dordrecht, pp. 295–299.
Bargagli, R., Monaci, F., Borghini, F., Bravi, F., Agnorelli, C., 2002. Mosses and lichens as
biomonitors of trace metals: a comparison study on Hypnum cupressiforme and
Parmelia caperata in a former mining district in Italy. Environ. Pollut. 116, 279–287.
Basile, A., Sorbo, S., Aprile, G., Conte, B., Cobianchi, R.C., 2008. Comparison of the heavy
metal bioaccumulation capacity of an epiphytic moss and an epiphytic lichen. Envi-
ron. Pollut. 151, 401–407.
Bennett, J.P., Wetmore, C.M., 2003. Elemental chemistry of four lichen species from the
Apostle Islands, Wisconsin, 1987, 1995 and 2001. Sci. Total Environ. 305, 77–86.
Berg, T., Steinnes, E., 1997. Recent trends in atmospheric deposition of trace elements in
Norway as evident from the 1995 moss survey. Sci. Total Environ. 208, 197–206.
Bergamaschi, L., Rizzio, E., Giaveri, G., Loppi, S., Gallorini, M., 2007. Comparison between
the accumulation capacity of four lichen species transplanted to a urban site. Environ.
Pollut. 148, 468–476.
Brunialti, G., Frati, L., 2007. Biomonitoring of nine elements by the lichen Xanthoria
parietina in Adriatic Italy: a retrospective study over a 7-year time span. Sci. Total En-
viron. 387, 289–300.
Bur, T., Probst, J.L., N'Guessan, M., Probst, A., 2009. Distribution and origin of lead in
stream sediments from small agricultural catchments draining Miocene molassic de-
posits (SW France). Appl. Geochem. 24, 1324–1338.
Buse, A., Norris, D., Harmens, H., Büker, P., Ashenden, T., Mills, G., 2003. Heavy metals in
European mosses: 2000/2001 survey. ICP Vegetation Programme Coordination Cen-
tre. Centre for Ecology and Hydrology, Bangor, UK.
Carignan, J., Gariepy, C., 1995. Isotopic composition of epiphytic lichens as a tracer of the
sources of atmospheric lead emissions in southern Quebec, Canada. Geochim.
Cosmochim. Acta 59, 4427–4433.
Carignan, J., Libourel, G., Cloquet, C., Le Forestier, L., 2005. Lead isotopic composition of ﬂy
ash and ﬂue gas residues from municipal solid waste combustors in France: implica-
tions for atmospheric lead source tracing. Environ. Sci. Technol. 39, 2018–2024.
Chauvel, C., Jahn, B., 1984. Nd–Sr isotope and REE geochemistry of alkali basalts from the
Massif Central, France. Geochim. Cosmochim. Acta 48, 93–110.
Chen, J., Liu, G., Kang, Y., Wu, B., Sun, R., Zhou, C., Wu, D., 2013. Atmospheric emissions of
F, As, Se, Hg, and Sb from coal-ﬁred power and heat generation in China.
Chemosphere 90, 1925–1932.
Chester, R., Stoner, J.H., 1973. Pb in particulates from the lower atmosphere of the Eastern
Atlantic. Nature 245, 27–28.
Chiaradia, M., Cupelin, F., 2000. Behaviour of airborne lead and temporal variations of its
source effects in Geneva (Switzerland): comparison of anthropogenic versus natural
processes. Atmos. Environ. 34, 959–971.
Chiarenzelli, J., Aspler, L., Dunn, C., Cousens, B., Ozarko, D., Powis, K., 2001. Multi-element
and rare earth element composition of lichens, mosses, and vascular plants from the
Central Barrenlands, Nunavut, Canada. Appl. Geochem. 16, 245–270.
Cloy, J.M., Farmer, J.G., Graham, M.C., MacKenzie, A.B., Cook, G.T., 2005. A comparison of
antimony and lead proﬁles over the past 2500 years in Flanders Moss ombrotrophic
peat bog, Scotland. J. Environ. Monit. 7, 1137.
Cloy, J.M., Farmer, J.G., Graham, M.C., MacKenzie, A.B., 2009. Retention of As and Sb in
ombrotrophic peat bogs: records of As, Sb, and Pb deposition at four Scottish sites.
Environ. Sci. Technol. 43, 1756–1762.
Colbeck, I., 2008. Environmental chemistry of aerosols. Wiley-Blackwell (April 1).
Conti, M.E., Cecchetti, G., 2001. Biological monitoring: lichens as bioindicators of air pollu-
tion assessment — a review. Environ. Pollut. 114, 471–492.
Conti, M.E., Iacobucci, M., Cucina, D., Mecozzi, M., 2007. Multivariate statistical methods
applied to biomonitoring studies. Int. J. Environ. Pollut. 29, 333–343.
Conti, M.E., Pino, A., Botre, F., Bocca, B., Alimonti, A., 2009. Lichen Usnea barbata as bio-
monitor of airborne elements deposition in the province of Tierra del Fuego (south-
ern Patagonia, Argentina). Ecotoxicol. Environ. Saf. 72, 1082–1089.
De Bruin, M., Hackenitz, E., 1986. Trace element concentrations in epiphytic lichens and
bark substrate. Environ. Pollut. B Chem. Phys. 11, 153–160.
Díaz-Somoano, M., Suárez-Ruiz, I., Alonso, J.I.G., Ruiz Encinar, J., López-Antón, M.A.,
Martínez-Tarazona, M.R., 2007. Lead isotope ratios in Spanish coals of different char-
acteristics and origin. TSOP 2005 papers from the 22nd annual meeting of TSOP. In-
ternational Journal of Coal Geology, pp. 28–36 (71).
Doucet, F.J., Carignan, J., 2001. Atmospheric Pb isotopic composition and trace metal con-
centration as revealed by epiphytic lichens: an investigation related to two altitudinal
sections in Eastern France. Atmos. Environ. 35, 3681–3690.
Dray, S., Dufour, A.-B., 2007. The ade4 package: implementing the duality diagram for
ecologists. J. Stat. Softw. 22, 1–20.
Farmer, J.G., Eades, L.J., Graham, M.C., 1999. The lead content and isotopic composition of
British coals and their implications for past and present releases of lead to the UK en-
vironment. Environ. Geochem. Health 21, 257–272.
Finkelman, R.B., 1999. Trace elements in coal. Biol. Trace Elem. Res. 67, 197–204.
Forel, B., Monna, F., Petit, C., Bruguier, O., Losno, R., Fluck, P., Begeot, C., Richard, H., Bichet,
V., Chateau, C., 2010. Historical mining and smelting in the Vosges Mountains
(France) recorded in two ombrotrophic peat bogs. J. Geochem. Explor. 107, 9–20.
Frati, L., Santoni, S., Nicolardi, V., Gaggi, C., Brunialti, G., Guttova, A., Gaudino, S., Pati, A.,
Pirintsos, S.A., Loppi, S., 2007. Lichen biomonitoring of ammonia emission and nitro-
gen deposition around a pig stockfarm. Environ. Pollut. 146, 311–316.
Galer, S.J.G., Abouchami, W., 1998. Practical application of lead triple spiking for correc-
tion of instrumental mass discrimination. Mineral. Mag. 62A, 491–492.
Galloway, J.N., Thornton, J.D., Norton, S.A., Volchok, H.L., McLean, R.A.N., 1982. Trace
metals in atmospheric deposition: a review and assessment. Atmos. Environ. 16,
1677–1700.
Gandois, L., Tipping, E., Dumat, C., Probst, A., 2010. Canopy inﬂuence on trace metal atmo-
spheric inputs on forest ecosystems: speciation in throughfall. Atmos. Environ. 44,
824–833.
Gandois, L., Agnan, Y., Leblond, S., Séjalon-Delmas, N., Le Roux, G., Probst, A., 2014. Use of
geochemical signatures, including rare earth elements, in mosses and lichens to assess
spatial integration and the inﬂuence of forest environment. Atmos. Environ. 95, 96–104.
Garty, J., 2001. Biomonitoring atmospheric heavy metals with lichens: theory and appli-
cation. Crit. Rev. Plant Sci. 20, 309–371.
Gombert, S., Asta, J., Seaward, M.R.D., 2004. Assessment of lichen diversity by index of
atmospheric purity (IAP), index of human impact (IHI) and other environmental fac-
tors in an urban area (Grenoble, southeast France). Sci. Total Environ. 324, 183–199.
Goodsite, M.E., Rom, W., Heinemeier, J., Lange, T., Ooi, S., Appleby, P.G., Shotyk, W., Van
der, O., Lohse, C., Hansen, T.S., 2001. High-resolution AMS (super 14) C dating of
post-bomb peat archives of atmospheric pollutants. Radiocarbon 43, 495–515.
Guerin, H., Perseil, E.-A., 1996. Minéralisations manganésifères des formations
rhyolotiques du Siroua (Maroc) et des monts Dore (Massif central français). Bull.
Mus. Natl. Hist. Nat. Sect. C Sci. Terre Paléontol. Géol., Minéral. 18, 165–175.
Haack, U.K., Gutsche, F.H., Plessow, K., Heinrichs, H., 2002. On the isotopic composition of
Pb in cloud waters in Central Germany. A source discrimination study. Water Air Soil
Pollut. 139, 261–288.
Haack, U., Kienholz, B., Reimann, C., Schneider, J., Stumpﬂ, E., 2004. Isotopic composition
of lead in moss and soil of the European Arctic. Geochim. Cosmochim. Acta 68,
2613–2622.
Harmens, H., Norris, D.A., the participants of the moss survey, 2008. Programme coordina-
tion centre for the ICP vegetation. Spatial and temporal trends in heavy metal accumu-
lation in mosses in Europe (1990–2005). Centre for Ecology & Hydrology, Bangor, UK.
Harmens, H., Norris, D.A., Steinnes, E., Kubin, E., Piispanen, J., Alber, R., et al., 2010. Mosses
as biomonitors of atmospheric heavy metal deposition: spatial patterns and temporal
trends in Europe. Environ. Pollut. 158, 3144–3156.
Harmens, H., Norris, D.A., Mills, G., the participants of the moss survey, 2013. Heavy
metals and nitrogen in mosses: spatial patterns in 2010/2011 and long-term tempo-
ral trends in Europe. Centre for Ecology & Hydrology, Bangor, UK.
Heinrichs, H., Mayer, R., 1977. Distribution and cycling ofmajor and trace elements in two
central European forest ecosystems. J. Environ. Qual. 6, 402–407.
Hernandez, L., Probst, A., Probst, J.L., Ulrich, E., 2003. Heavy metal distribution in some
French forest soils: evidence for atmospheric contamination. Sci. Total Environ. 312,
195–219.
Herpin, U., Markert, B., Weckert, V., Berlekamp, J., Friese, K., Siewers, U., Lieth, H., 1997.
Retrospective analysis of heavy metal concentrations at selected locations in the
Federal Republic of Germany using moss material from a herbarium. Sci. Total
Environ. 205, 1–12.
Kabata-Pendias, A., 2010. Trace elements in soils and plants. 4th ed. CRC Press.
Krachler, M., Mohl, C., Emons, H., Shotyk, W., 2003. Two thousand years of atmospheric
rare earth element (REE) deposition as revealed by an ombrotrophic peat bog proﬁle,
Jura Mountains, Switzerland. J. Environ. Monit. 5, 111–121.
LeGalley, E., Widom, E., Krekeler, M.P.S., Kuentz, D.C., 2013. Chemical and lead isotope
constraints on sources of metal pollution in street sediment and lichens in southwest
Ohio. Appl. Geochem. 32, 195–203.
Lindberg, S.E., Harriss, R.C., Turner, R.R., 1982. Atmospheric deposition of metals to forest
vegetation. Science 215, 1609–1611.
Loppi, S., Bonini, I., 2000. Lichens and mosses as biomonitors of trace elements in areas
with thermal springs and fumarole activity (Mt. Amiata, central Italy). Chemosphere
41, 1333–1336.
Loppi, S., Pirintsos, S.A., 2003. Epiphytic lichens as sentinels for heavy metal pollution at
forest ecosystems (central Italy). Environ. Pollut. 121, 327–332.
Loska, K., Cebula, J., Pelczar, J., Wiechuła, D., Kwapuliński, J., 1997. Use of enrichment, and
contamination factors together with geoaccumulation indexes to evaluate the con-
tent of Cd, Cu, and Ni in the Rybnik water reservoir in Poland. Water Air Soil Pollut.
93, 347–365.
Lovett, G.M., Lindberg, S.E., 1984. Dry deposition and canopy exchange in a mixed oak for-
est as determined by analysis of throughfall. J. Appl. Ecol. 21, 1013.
Markert, B., de Li, Z., 1991. Inorganic chemical investigations in the forest biosphere re-
serve near Kalinin, USSR — II. The distribution of lanthanide elements in the vegeta-
tion cover. Vegetatio 97, 57–62.
Matschullat, J., Ottenstein, R., Reimann, C., 2000. Geochemical background — can we cal-
culate it? Environ. Geol. 39, 990–1000.
Miquel, G., Le Déaut, J.-Y., Revol, H., 2001. Effets des métaux lourds sur l'environnement et
la santé. Rapport du Sénat 261. Ofﬁce parlementaire d'évaluation des choix
scientiﬁques et technologiques, Paris (April 5, Available at: http://www.univ-lille1.
fr/bustl-grisemine/pdf/rapports/G2001-211.pdf).
Monna, F., Ben Othman, D., Luck, J.M., 1995. Pb isotopes and Pb, Zn and Cd concentrations
in the rivers feeding a coastal pond (Thau, southern France): constraints on the
origin(s) and ﬂux(es) of metals. Sci. Total Environ. 166, 19–34.
Monna, F., Lancelot, J., Croudace, I.W., Cundy, A.B., Lewis, J.T., 1997. Pb isotopic composi-
tion of airborne particulate material from France and the southern United
Kingdom: implications for Pb pollution sources in urban areas. Environ. Sci. Technol.
31, 2277–2286.
Monna, F., Dominik, J., Loizeau, J.-L., Pardos, M., Arpagaus, P., 1999. Origin and evolution of
Pb in sediments of Lake Geneva (Switzerland–France). Establishing a stable Pb re-
cord. Environ. Sci. Technol. 33, 2850–2857.
Monna, F., Bouchaou, L., Rambeau, C., Losno, R., Bruguier, O., Dongarrà, G., Black, S.,
Chateau, C., 2012. Lichens used as monitors of atmospheric pollution around Agadir
(Southwestern Morocco) — A case study predating lead-free gasoline. Water Air
Soil Pollut. 223, 1263–1274.
Monnié, A., 1929. Le bassin houiller de Carmaux-Albi. Annales de Géographie 38, 577–586.
N'Guessan, Y.M., Probst, J.L., Bur, T., Probst, A., 2009. Trace elements in stream bed sedi-
ments from agricultural catchments (Gascogne region, S-W France): where do they
come from? Sci. Total Environ. 407, 2939–2952.
Nieboer, E., Richardson, D.H.S., Tomassini, F.D., 1978. Mineral uptake and release by li-
chens — overview. Bryologist 81, 226–246.
Nimis, P.L., Bargagli, R., 1999. In: Piccini, C., Salvati, S. (Eds.), Linee-guida per l'utilizzo del
licheni epiﬁti come bioaccumulatori di metalli in traccia, pp. 279–289 (Rome, Italy).
Nriagu, J.O., 1989a. A global assessment of natural sources of atmospheric trace-metals.
Nature 338, 47–49.
Nriagu, J.O., 1989b. Natural versus anthropogenic emissions of trace metals to the atmo-
sphere. In: Pacyna, J.M., Ottar, B. (Eds.), Control and fate of atmospheric trace metals.
NATO ASI series. Series C, Mathematical and physical sciences vol. 268. Kluwer Aca-
demic publishers, Dordrecht, pp. 3–13 (March 31).
Pacyna, J.M., 1986. Atmospheric trace elements from natural and anthropogenic sources.
In: Nriagu, J.O., Davidson, C.L. (Eds.), Toxic metals in the atmosphere. JohnWiley and
Sons, New York, pp. 33–52.
Plant, J.A., Klaver, G., Locutura, J., Salminen, R., Vrana, K., Fordyce, F.M., 1997. The forum of
European geological surveys geochemistry task group inventory 1994–1996.
J. Geochem. Explor. 59, 123–146.
Prussia, C.M., Killingbeck, K.T., 1991. Concentrations of ten elements in two common foli-
ose lichens — leachability, seasonality, and the inﬂuence of rock and tree bark sub-
strates. Bryologist 94, 135–142.
Purvis, O.W., Chimonides, P.D.J., Jeffries, T.E., Jones, G.C., Rusu, A.M., Read, H., 2007. Multi-
element composition of historical lichen collections and bark samples, indicators of
changing atmospheric conditions. Atmos. Environ. 41, 72–80.
Rausch de Traubenberg, C., Galsomiès, L., Martinet, Y., 2013. Pollution atmosphérique par
lesmétaux en France: dix ans de biosurveillance des retombées. EDP SciencesADEME.
Rea, A.W., Lindberg, S.E., Keeler, G.J., 2001. Dry deposition and foliar leaching of mercury
and selected trace elements in deciduous forest throughfall. Atmos. Environ. 35,
3453–3462.
Reimann, C., de Caritat, P., 2000. Intrinsic ﬂaws of element enrichment factors (EFs) in en-
vironmental geochemistry. Environ. Sci. Technol. 34, 5084–5091.
Reimann, C., de Caritat, P., 2005. Distinguishing between natural and anthropogenic
sources for elements in the environment: regional geochemical surveys versus en-
richment factors. Sci. Total Environ. 337, 91–107.
Reimann, C., Filzmoser, P., Garrett, R.G., Dutter, R., 2008. Statistical data analysis ex-
plained: applied environmental statistics with R. John Wiley & Sons, Chichester,
England.
Richardson, D.H.S., 1992. Pollution monitoring with lichens. Naturalists' handbook series.
The Richmond Publishing Co. Ltd., Slough, England (October).
Rühling, Å., 1994. Atmospheric heavy metal deposition in Europe — estimation based on
moss analysis. NORD 1994:9. Nordic Council of Ministers, Copenhagen, Denmark.
Rühling, Å., Steinnes, E., 1998. Atmospheric heavymetal deposition in Europe 1995–1996.
NORD 1998:15. Nordic Council of Ministers, Copenhagen, Denmark.
Rühling, A., Tyler, G., 1968. An ecological approach to the lead problem. Bot. Notiser 121,
321–342.
Rühling, Å., Tyler, G., 1973. Heavy metal deposition in Scandinavia. Water Air Soil Pollut.
2, 445–455.
Rühling, A., Tyler, G., 2004. Changes in the atmospheric deposition of minor and rare ele-
ments between 1975 and 2000 in south Sweden, as measured by moss analysis. En-
viron. Pollut. 131, 417–423.
Rusu, A.M., 2002. Sample preparation of lichens for elemental analysis. In: Nimis, P.L.,
Scheidegger, C., Wolseley, P.A. (Eds.), Monitoring with lichens — monitoring lichens.
Earth and environmental sciences vol. 7. Kluwer/NATO Science Series, Dordrecht,
pp. 305–309.
Saeki, M., Kunii, K., Seki, T., Sugiyama, K., Suzuki, T., 1977. Metal burden of urban lichens.
Environ. Res. 13, 256–266.
Shotbolt, L., Buker, P., Ashmore, M.R., 2007. Reconstructing temporal trends in heavy
metal deposition: assessing the value of herbarium moss samples. Environ. Pollut.
147, 120–130.
Shotyk,W.,Weiss, D., Appleby, P.G., Cheburkin, A.K., Frei, R., Gloor,M., Kramers, J.D., Reese, S.,
Van der Knaap, W.O., 1998. History of atmospheric lead deposition since 12,370 C-14 yr
BP from a peat bog, Jura Mountains, Switzerland. Science 281, 1635–1640.
Spickova, J., Navratil, T., Rohovec, J., Mihaljevic, M., Kubinova, P., Minarik, L., Skrivan, P.,
2010. The characteristics of rare earth elements in bulk precipitation, throughfall, fo-
liage and lichens in the Lesni potok catchment and its vicinity, Czech Republic.
Geochem.: Explor., Environ., Anal. 10, 383–390.
Steinnes, E., 1995. A critical evaluation of the use of naturally growing moss to monitor
the deposition of atmospheric metals. Sci. Total Environ. 160–161, 243–249.
Sucharovà, J., Suchara, I., Hola, M., Marikova, S., Reimann, C., Boyd, R., Filzmoser, P.,
Englmaier, P., 2012. Top-/bottom-soil ratios and enrichment factors: what do they re-
ally show? Appl. Geochem. 27, 138–145.
Szczepaniak, K., Biziuk, M., 2003. Aspects of the biomonitoring studies using mosses and
lichens as indicators of metal pollution. Environ. Res. 93, 221–230.
Taylor, S.R., McLennan, S.M., 1985. The continental crust: its composition and evolution.
Blackwell, Oxford.
Thöni, L., Schnyder, N., Krieg, F., 1996. Comparison of metal concentrations in three spe-
cies of mosses and metal freights in bulk precipitations. Fresenius J. Anal. Chem.
354, 703–708.
Ukonmaanaho, L., Starr, M., Mannio, J., Ruoho-Airola, T., 2001. Heavy metal budgets for
two headwater forested catchments in background areas of Finland. Environ. Pollut.
114, 63–75.
Ulrich, B., Pankrath, J., 1983. Effects of accumulation of air pollutants in forest ecosystems.
Springer, Dordrecht.
Véron, A., Flament, P., Bertho, M.L., Alleman, L., Flegal, R., Hamelin, B., 1999. Isotopic evidence
of pollutant lead sources in Northwestern France. Atmos. Environ. 33, 3377–3388.
Vieira, B.J., Freitas, M.C., Rodrigues, A.F., Pacheco, A.M.G., Soares, P.M., Correia, N., 2004.
Element-enrichment factors in lichens from Terceira, Santa Maria and Madeira
Islands (Azores and Madeira archipelagoes). J. Atmos. Chem. 49, 231–249.
Weiss, D., Shotyk, W., Kramers, J.D., Gloor, M., 1999. Sphagnum mosses as archives of re-
cent and past atmospheric lead deposition in Switzerland. Atmos. Environ. 33,
3751–3763.
Zschau, T., Getty, S., Gries, C., Ameron, Y., Zambrano, A., Nash, T.H.I., 2003. Historical and
current atmospheric deposition to the epilithic lichen Xanthoparmelia in Maricopa
County, Arizona. Environ. Pollut. 125, 21–30.
